INTRODUCTION
Hemophilia A (HA) is a monogenic bleeding disorder caused by defective or absent FVIII. The available current treatment is FVIII replacement therapy from either recombinant or plasma-derived sources. Roughly 30%-40% of the patients develop anti-FVIII alloantibodies that render the replacement therapy ineffective. 1 Even achieving subphysiological FVIII levels can alleviate the hemophilic phenotype. 2 This made gene therapy (GT) an attractive strategy to treat this disease; accordingly, several clinical trials are currently recruiting patients, 3 and promising clinical results were shown after intravenous administration of AAV5-FVIII therapeutic viral vector. 4 Gene therapy strategies targeted on CD34 + hematopoietic stem cells (HSCs) have been proposed for clinical trials to develop corrected downstream lineages, including not only megakaryocytes, 5 but also myeloid/monocytic cell lines, both proven to be a good source of FVIII. 6 While FVIII is widely measured intracellularly with immunohistochemistry staining methods, a reliable protocol for flow cytometry (FC) staining is still not available. Few publications are describing controversial results on FC detection of FVIII in blood cells, 7, 8 with the clearest results only shown in platelets, where membrane unspecific binding of antibodies (Abs) is not a relevant issue. 5 To facilitate the evaluation of FVIII gene modification protocols, we optimized a FC assay to measure and functionally test intracellular FVIII in human cell lines, CD34 + HSCs, and peripheral blood mononuclear cells (PBMCs).
Such an assay could also potentially be of use in the diagnosis of hemophilia cases, especially in clinical cases where a functional protein is present but not secreted, and in cases where an intracellular evaluation is needed.
RESULTS

Choice of Cell Lines
FVIII protein is naturally produced by endothelial cells, 9, 10 hepatocytes, 9 and megakaryocytes. 11 In addition, a wide number of cells contain FVIII mRNA, and might produce small amounts of protein, for biological reasons that remain undefined. 12 To choose reliable FVIII-producing cell lines, we selected HECV endothelial cells, as "professional" FVIII producer cells, and the HeLa cancer cell line, as, being derived from cervical tissue, it expresses high levels of FVIII mRNA. 12 We also included U937 cells, a pre-monocytic cell line, representative of myeloid blood cell capacity for FVIII assembly and production.
We confirmed the mRNA content of the selected cell lines by qRT-PCR ( Figure 1A ) and their FVIII protein secretion capacity by an AlphaLISA assay ( Figure 1B ).
Optimization of Intracellular FVIII FC Staining Protocol
To visualize FVIII in cells by FC, we concurrently compared different methods. Since no commercial fluorescent mAb is available, we custom-labeled Abs (Green Mountain Abs [GMA]) anti-FVIII Abs against different protein domains with the staining kit DyLight 650 N-hydroxysuccinimide (NHS) ester, or with Zenon mouse labeling kit, based on Fc-Ab fragment staining.
The first series of experiments with DyLight-labeled Ab showed a high non-specific binding of anti-FVIII Ab to the surface and intracellular compartments of PBMCs. To dissect the cause of this nonspecificity, we co-incubated anti-FVIII Abs with FVIII pure protein before labeling, expecting a decreased staining due to the engagement of Ag-specific binding sites by free FVIII. On the contrary, the staining was enhanced, suggesting that FVIII protein itself contributes to additional fluorescent signals ( Figure S1 ). Therefore, in order to optimize a reliable staining method, we critically considered the biological features of FVIII protein contributing to staining non-specificity.
First, addition of a high-concentration (10%) mouse serum blocking step and a stringent, mathematical gating strategy (illustrated in Figure 3 and in the Materials and Methods section) were essential to decrease aspecific labeling. Mouse serum was found to give better results than Fc blocking alone for this purpose both on human peripheral CD14 + cells ( Figure S2 ) and cell lines (data not shown), and the use of immunoglobulin (Ig)G1 isotype control completely corrected the gating offset, compared to IgG2. This IgG1 correction was noted only for DyLight-labeled Abs, while the difference was negligible for Zenon technology-labeled Abs. GMA Abs were titrated with both labeling methods (data not shown), and a final concentration of 10 mg/mL was chosen.
In its active form, FVIII protein interacts through its C2 domain with phosphatidylserine (PS) molecules, 14 naturally exposed on the surface of dead, damaged cell membranes, 15 or activated cells. 16 While this is an important property of FVIII physiological coagulation activity, at the same time, it leads to binding of FVIII protein to surrounding non-FVIII-producing cells (bystander cells and cell debris), therefore hampering the identification of FVIII real producer cells. In order to mitigate this effect, we added a fixable viability marker consistently in every FC evaluation. Lactadherin is a milk protein that competes with FVIII protein for PS binding sites through its C2 domains. 17 In order to increase the staining specificity, we exposed cells overnight to lactadherin before FVIII Ab labeling, and we then measured FVIII surface and intracellular protein. Surface non-specific protein binding on U937 cells was greatly reduced (Figures 2A and 2C ), while FVIII cell internal content was not impacted ( Figure 2B ). This result suggests that the addition of non-specific competitors for FVIII surface binding, such as lactadherin, could be helpful in FVIII surface detection experiments, such as investigation of FVIII-producing cell populations in a tissue-derived complex cell set or in PBMCs. The addition of lactadherin allows for a more specific definition of cells that are secreting FVIII as opposed to those cells that acquire it by binding secreted FVIII from the milieu.
After protocol optimization, FVIII protein detection by FC in both U937 cell line and PBMCs (data not shown) was detectable as an overall shift in the mean fluorescent intensity of the cell population, rather than as a distinct population of cells, requiring a negative control with the relevant IgG fluorescent background staining to measure the positive fraction present (Figures 3A-3G) . A1, A2, A3, and LC domains are separately visible by FC with different percentages ( Figure 3H ). 
Validation of FVIII FC Staining
A definitive validation step for a FC staining would be a speciesspecific FVIII negative control. We were unable to find PBMCs or human cell lines totally negative for FVIII mRNA, and therefore we sought to generate a FVIII knockout human cell line using the CRISPR-Cas9 technique to induce an indel frameshift. 18, 19 Exon 4 of the FVIII gene was targeted in HeLa, HECV, and U937 cells using 5 0 -ATACTAGTAGGGCTCCAATG-3 0 as the target sequence.
Despite the successful introduction of a frameshift mutation on both alleles, as illustrated in Figure S3 , all of the cell lines continued to translate FVIII protein in a form visible by western blot (WB) and FC intracellular analyses. This is probably the result of an alternative splicing mechanisms of FVIII, 20, 21 or of a translation at alternate open reading frames downstream of an edited gene segment. The presence of FVIII in this form and its continued functionality post-editing do, however, pose other intriguing research questions that fall outside the scope of this work.
In the absence of a species-specific negative control, to ensure that detection of FVIII was truly due to the presence of the protein, and not to a fluorescence artifact, we double-stained cells with two antibodies targeting different FVIII domains, each labeled with a different dye. This staining approach has been pioneered in the study of the HIV reservoir by Chomont et al. 22 Following co-staining on HECV confirming the specificity of staining ( Figures  4A-4C ). Intriguingly, the rate of FVIII double fluorescence was lower than the expected cumulative value, as visualized by single staining. Steric hindrance of Abs is unlikely to explain this decrease, since simultaneous binding of multiple anti-fVIII mAbs (mAbs) to the C2 domain of FVIII was shown in previous studies. 23, 24 Either the presence of incomplete FVIII fragments, or still a margin of staining unspecificity despite the extensive controls, might explain this finding ( Figure 4D ). In summary, we were able to reliably detect FVIII protein by FC collectively in HECV, HeLa, and U937 cell lines as well as in PBMCs ( Figures 5A and 5B). PBMC staining was further validated by comparison to WB, where it was observed that the sensitivity detection by WB required at least 2 Â 10e6 cells/test in order to detect FVIII ( Figure 5C ).
The optimized staining protocol is summarized in Table 1 .
FVIII Transgene Visualization by FC
When tested by FC, transduced U937 cells showed a rate of FVIII proportional to the rate of transduction, performed with increasing MOIs ( Figure 6A ). This indicates that by FC the transgene is not distinguishable from the native protein and is displayed in a cumulative proportion, and it is correlated with an increasing cell vector copy number (VCN) ( Figure 6B ). This was mirrored by the respective FVIII mRNA content and protein secretion and was verified by confocal imaging on HECV cells with the same Zenon technology used for FC (Figures 6C-6E) and through WB imaging ( Figure 7 ).
We then transduced cord blood CD34 + cells at increasing MOIs and measured FVIII by FC after 1 week of transduction. Remarkably, CD34 + cells express FVIII physiologically (confirming previous data) 13, 25 and overexpress it after transduction to a level detectable also by ELISA ( Figure S4C ). As functional readout, we performed colony-forming unit (CFU) colonies, showing comparable results through different MOIs with a lower trend at increasing MOIs ( Figure S4D ).
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Interestingly, FVIII protein expressed after transduction with higher MOIs, did not increase linearly, in the cell lines transduction plateaued around an MOI of 30 ( Figures 6A and 6C ). We wondered if this result was due to Ab saturation or possibly caused by the saturation of the cellular protein folding/secretion machinery. Indeed, with FVIII being a large glycoprotein, overexpression could potentially limit the protein-building capacity of cells.
FC Functional Studies on FVIII Transgene
The first cellular response to protein accumulation is endoplasmic reticulum (ER) stress. This is associated with the ubiquitin-proteasome system (UPS) and the unfolded protein response (UPR) pathways, leading eventually to cell autophagy if the ER stress is prolonged. 26 We first studied the effect of high VCN on the initiation of ER stress and consequent UPR by measuring the mRNA level of binding immunoglobulin protein (BiP)/Grp78 in U937 cells transduced at different MOIs with phosphoglycerate kinase (PGK)-FVIII lentiviral vector (LV). BiP/Grp78 gave comparable results across the conditions with a (nonsignificant) trend of increased values at MOIs of 20 and 30 ( Figure 8A ).
Reactive oxygen species (ROS) are also generated during ER stress, and their unbalanced accumulation contributes to drift UPS and UPR roles from being cytoprotective to cytotoxic. 27 ROS levels, measured by FC, increased at MOIs of 30 and higher, indicating a potential toxic effect, resulting from overexpression of FVIII transgene ( Figure 8B ).
To further explore the effects of FVIII accumulation, we interfered with the proteasomal degradation pathway by blocking it through incubation in the presence of the proteasome inhibitor lactacystin, before FC FVIII intracellular measurement. Proteasome inhibition blocks the displacement of misfolded protein physiologically routed for intracellular degradation and forces protein accumulation in the cell. 28 FVIII accumulated misfolded protein was still recognizable by FC ( Figure 8C ). As previously seen, the transgene increased with MOI. After proteasome inhibition, FVIII accumulated in the cells, revealing how the cell machinery is actively engaged in clearing misfolded FVIII proteins. Noticeably, this also occurs in untransduced cells and in both non-professional and professional FVIII producers, such as U937 and HECV cells, reinforcing the need to monitor FVIII production and to ensure that a safe upper limit of transduction is applied in order to avoid cytotoxicity when designing potential gene therapeutic approaches.
DISCUSSION
FC detection of intracellular FVIII in the literature is still controversial and is not currently performed in clinical practice. FVIII protein levels are routinely measured in plasma via functional rather than quantitative assays in order to diagnose and evaluate the severity of HA. In this study, we have optimized a robust reproducible protocol to visualize and quantify intracellular FVIII protein by FC. The protocol has been optimized in human cell lines of different tissue origin and in PBMCs, suggesting that it can further be applied to any cell type in order to evaluate the presence of intracellular FVIII. Due to the lack of commercial labeled mAbs against FVIII FACS staining, the available data in the literature mainly describe results obtained with polyclonal Abs or fluorescent secondary Abs. 7, [29] [30] [31] Since secondary staining in intracellular compartments adds further to the level of non-specific staining, we chose to work with reliable primary Abs, labeled in-house with fluorescent dyes or with Zenon technology. With our work, we achieved a comprehensive and systematic optimization of the current available methods, adding functional insights to FC analyses.
In our hands, the Zenon staining method was the most reproducible, and, when combined with 10% mouse serum blocking, it generated the lowest background levels. However, the use of IgG isotypes was still found to be necessary as a negative control in order to distinguish the positive population.
Due to the absence of a proper species-specific negative control, we initially sought to create FVIII knockout cell lines through CRISPR/Cas9 gene editing, but despite successful editing of the FVIII gene, we failed to knock out the protein translation. Instead, we demonstrated the specificity of staining by alternate means. First, cell lines transduced with increasing FVIII viral load showed progressive amounts of FVIII intracellular protein, and this scale of protein content was mirrored in the WB data. Additionally, when cells were co-stained with two mAbs specific for different domains of FVIII, a method shown to increase sensitivity in intracellular staining for HIV-1 protein p24 gag, both of these Abs were found to bind to the same cells in a linear fashion.
HA is a monogenic disorder for which gene therapy is a potentially effective treatment option, and both preclinical and clinical studies have recently shown remarkable success in trials targeting liver with FVIII-AAV. 3 However, some limitations have been identified in these studies, including the potential for high immunogenicity, leading to the need to pursue alternative strategies, both in terms of the viral vectors used and the identification of different target cells. Among them there are CD34 + HSCs targeted with a myeloid promoter, 6 megakaryocytes with a promoter of genes specifically expressed in platelets, 5, 32 and liver sinusoidal endothelial cells (LSECs) 9,10 as the main natural producer of FVIII in the human body.
Selecting candidate target cells for FVIII gene therapy necessitates robust analysis to determine cell eligibility criteria. A long life-span of the target cell is not the only suitable feature. Cell machinery has to be adequate to produce the chosen transgene and be sufficient to cope with the levels of protein produced without triggering cellular UPRs, or worse, uncontrolled cell death. Indeed, over-accumulation of misfolded protein in cells, if not properly compensated by a UPR, may also trigger immunogenicity, 33 with its downstream concatenate effects that could affect the survival of the whole population of transduced cells in the body. This is why we sought to add FC-based toxicity assessments as a novel method to evaluate the functional status of FVIII-producing cells.
Moreover, a FC analysis will also serve as an effective readout tool to analyze the efficiency both of gene therapy and during follow-up after treatment. Interestingly, no clinical platform based on FC is available for detection of intracellular FVIII, and this assay will open novel diagnostic possibilities as in lectin mannose binding protein 1 (LMAN1) and multiple coagulation factor deficiency protein 2 (MCFD2), where FVIII is produced but cannot be excreted from cells due to ER-Golgi transporter protein defects. 34 Beyond diagnosis, future observational studies might be able to associate FVIII intracellular protein abundance with pathological events, as bleedings, and propose FC as a prediction/prevention assay. Also, FVIII mRNA in different isoforms has been found to be transcribed in almost all human cells without clear data on the translated protein, its abundance, and its role in different cells. 12 Therefore, FC analysis could allow for the stratification of different cells according to their ability to translate FVIII mRNA into actual protein.
Finally, we used FVIII FC as a tool for the evaluation of cytotoxicity induction through the UPS system following saturation with lactacystin. Even following the accumulation of misfolded protein forms, after proteosomal inhibition, FC was still capable of measuring protein abundance, and to provide an assessment of cellular toxicity, which correlated with other parameters of cell toxicity, such as ROS, and BiP/Grp78 expression. Defining a toxicity threshold could help guide reaching a compromise between increasing protein expression via gene therapy and induction of toxicity. The combination of different toxicity evaluation tools in a FC assay would give an enhanced overall view about the cell status of gene therapy target cells.
In summary, in our study we have developed a FC platform to quantify the cell productivity of FVIII and to measure the influence of its overexpression on cell status. Step Name of
MATERIALS AND METHODS
Step Table 1 . FC data were analyzed using FlowJo version 8.5 and Beckman Coulter Kaluza software. The gate was set on the corresponding IgG isotype control then applied to the condition according to the equation (fluorescence mean + scalar Â fluorescence rSD). The minimum value of the scalar is 4.
LV Transduction
Cell lines were transduced with a self-inactivating (SIN) third-generation LV hPGK.hFVIIIBDD, kindly provided by Antonia Follenzi (UPO, Italy) at MOIs of 5-40.
Transduction was performed in 24-well plates at 500,000 cells per well for 24 h. Cells were then washed to remove the vector and further cultured at least for 5 days before FVIII assessment analyses.
RNA Extraction and qPCR
Isolation of mRNA from cells was performed using a RNA extraction kit from Thermo Fisher Scientific (Pittsburgh, PA, USA) according to the manufacturer's procedures. Synthesis of cDNA from RNA was achieved by using a GoScript reverse transcription kit (Promega, Madison, WI, USA). Furthermore, qPCR was performed using GoTaq qPCR Master Mix (Promega, Madison, WI, USA) and relevant primers.
FVIII-specific primers (forward, 5
0 -CCAGAGTTCCAAGCCTCC AACA-3 0 ; reverse, 5 0 -GGAAGTCAGTCTGTGCTCCAATG) were used for evaluating the FVIII transcripts. 5 For the UPR qPCR, the following primers were used: human BiP/Grp78-specific primers (forward, AAGT-3 0 ). Gene expression relative to the GAPDH housekeeping gene was calculated with relevant negative controls and in triplicates.
AlphaLISA for FVIII Quantification
Quantification of FVIII concentration was measured using the AlphaLISA FVIII detection kit (PerkinElmer, Waltham, MA, USA), which is an ELISA system commercially available for highly sensitive and specific quantitative measurement of FVIII protein levels in the supernatants of cells and human plasma. For protein detection experiments, cells were cultured in amounts of 300,000-500,000 cells in 24-well plates in 300-500 mL of X-VIVO 15 serum-free/phenol red-free cell medium (Lonza, MD, USA) for overnight incubation.
Supernatants were collected after culture and centrifugation at 2,500 rpm, placed on ice, and processed with an AlphaLISA assay according to the manufacturer's procedures. Data were acquired with EnSight multimode plate reader (PerkinElmer, Waltham, MA, USA)
Western Blotting for FVIII Detection
Cells were collected and lysed with CytoBuster cell lysis buffer (Merck, Darmstadt, Germany). After a 30-min incubation on ice and spinning down at 2,500 rpm, subsequently, supernatants containing FVIII protein were collected. Protein quantification was performed according to the manufacturer's protocol with a Pierce bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific, Pittsburgh, PA, USA).
Samples were electrophoresed at 100 V for 1 h 30 min through an inhouse pre-prepared polyacrylamide gel (separating gels with stacking gels). Gels were transferred onto semi-dry blots (Bio-Rad Laboratories, Hercules, CA, USA) transfer unit at 1.0 A, 25 V for 30 min. Proper blocking was performed in milk/PBS-Tween 20 (PBS-T) for 30 min, followed by multiple PBS-T washes. Overnight incubation was performed with primary Abs at 4 C, followed by PBS-T multiple washes (10 min per wash). Secondary horseradish peroxidase (HRP)-conjugated goat anti-mouse polyclonal Ab was then added to the blot for 1 h. After several washing steps, the western HRP substrate was added for blot development. Blots were read on the ChemiDoc MP imaging system (Bio-Rad Laboratories, Hercules, CA, USA). 55-kDa a-tubulin (DM1A clone, Sigma-Aldrich) Ab was used as loading www.moleculartherapy.org control as relevant. Protein measurement analysis was done by ImageJ software and MS Excel.
VCN Quantification
Quantification of the VCN was performed using qPCR on genomic DNA of U937 cells according to the protocol previously described. 35 Briefly, the VCN of each sample has been calculated by comparing the two standard curves, one curve of the CT values of titrated FVIII transgene Wpre-dNEF (forward, 5 0 -TGGATTCTGCGCGGGACG TC-3 0 ; reverse 5 0 -GGCTAAGATCTACAGCTGCCTTG-3 0 ), and the other curve of the CT values for GAPDH (forward, 5 0 -AACGTGTC AGTGGTGGACCTG-3 0 ; reverse, 5 0 -AGTGGGTGTCGCTGTTGA AGT-3 0 ).
CRISPR/Cas9 Edition
Guide RNA (gRNA) synthesis was designed with the GeneArt CRISPR gRNA design tool, and the one validated targeting exon 4 was targeting the sequence 5 0 -ATACTAGTAGGGCTCCAATG-3 0 . TrueCut Cas9 protein v2, GeneArt CRISPR gRNA design tool, GeneArt precision gRNA synthesis kit, GeneArt genomic cleavage detection kit, Lipofectamine CRISPRMAX Cas9 transfection reagent, MeltDoctor HRM Master Mix, and a Neon transfection system 10-mL kit (Thermo Fisher Scientific, Pittsburgh, PA, USA) were used per the manufacturers' recommendations. Briefly, design gRNAs were produced in vitro and transfected to the cells either by lipid transfection (Lipofectamine) or electroporation. Genomic cleavage detection was used to assess the cutting efficiency using the gRNA. Clones were made using single-cell sorting by FC on a SORP FACSAria3 (BD Biosciences). Data were processed with FACSDiva 6.3 software (BD Biosciences). A high-throughput screening for genome edition of the clones was done via high-resolution melting (HRM) as previously described. 36, 37 Selected clones were further validated by Sanger sequencing (ABI 3500 sequencer). Sanger sequence analysis was performed using two online tools: CRISP-ID 38 and Synthego. 39 The selected clones had similar results in each of the software analyses.
Confocal Imaging
HECV cells were fixed, permeabilized, and stained for confocal imaging in well glass-bottomed chamber sides (Nunc Lab-Tek II). Staining was performed with FVIII Zenon tyramide signal amplification (TSA)-enhanced immunostaining (fluorescence in situ hybridization [FITC]), and nuclear staining was conducted with DAPI (Thermo Fisher). Imaging was conducted on a Zeiss 880 inverted microscope with Airyscan. Images were acquired with Plan-Apochromat 10Â/0.45 numerical aperture (NA), Plan-Apochromat 20Â/0.8 NA, and Plan-Apochromat 63Â/1.4 NA oil immersion objectives. Cellular identification was performed using the Imaris (Bitplane) surface creation utility. FVIII expression was calculated from mean fluorescence intensity in the FITC channel per surface object.
Statistical Analysis
GraphPad Prism and Microsoft Excel software were used for data analyses. Data are represented as mean ± SD. Significance analysis of the results was done using appropriate t tests or one-way ANOVA to compare means, as specified in the figure legends.
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